Highlights d MDC1 recruits TOPBP1 to DNA double-strand breaks specifically in mitosis d MDC1, when phosphorylated on S168 and S196, directly binds TOPBP1 BRCT domains 1 and 2 
In Brief
Leimbacher et al. reveal that two DNA damage-response mediator proteins, MDC1 and TOPBP1, form a complex required for maintaining chromosome stability when DNA double-strand breaks occur during mitosis, possibly by tethering broken chromosomes together until DNA-repair pathways are reactivated in the following G1 phase.
SUMMARY
In mitosis, cells inactivate DNA double-strand break (DSB) repair pathways to preserve genome stability. However, some early signaling events still occur, such as recruitment of the scaffold protein MDC1 to phosphorylated histone H2AX at DSBs. Yet, it remains unclear whether these events are important for maintaining genome stability during mitosis. Here, we identify a highly conserved protein-interaction surface in MDC1 that is phosphorylated by CK2 and recognized by the DNA-damage response mediator protein TOPBP1. Disruption of MDC1-TOPBP1 binding causes a specific loss of TOPBP1 recruitment to DSBs in mitotic but not interphase cells, accompanied by mitotic radiosensitivity, increased micronuclei, and chromosomal instability. Mechanistically, we find that TOPBP1 forms filamentous structures capable of bridging MDC1 foci in mitosis, indicating that MDC1-TOPBP1 complexes tether DSBs until repair is reactivated in the following G1 phase. Thus, we reveal an important, hitherto-unnoticed cooperation between MDC1 and TOPBP1 in maintaining genome stability during cell division.
INTRODUCTION
DNA double-strand breaks (DSBs) are particularly toxic DNA lesions that must be repaired accurately in order to avoid genome instability, cell death, or cancer (Jackson and Bartek, 2009) . Interphase cells respond to DSBs by triggering a signaling cascade to activate cell-cycle checkpoints and DNA repair. In contrast, in mitotic cells there is no DNA damage checkpoint after prophase (Rieder and Cole, 1998) , and DSBs are transmitted into the following G1 phase for repair to avoid chromosomal instability (Lee et al., 2014; Orthwein et al., 2014) .
The cellular response to DSBs is regulated by three related protein kinases, ataxia-telangiectasia mutated (ATM), ATM and Rad3-related (ATR), and DNA-dependent protein kinase (DNA-PK) (Blackford and Jackson, 2017) . Upon DNA damage, one of the earliest substrates of these kinases is the histone variant H2AX, which is phosphorylated at DSB sites on Ser139 and then referred to as gH2AX (Rogakou et al., 1999) . gH2AX is recognized by MDC1 (Stucki et al., 2005) , a scaffold protein that acts as a platform for recruitment of various DNA damage response factors to mediate DNA repair. One of these is the MRE11-RAD50-NBS1 (MRN) complex, which binds to MDC1 via a direct interaction between the NBS1 subunit of MRN and multiple acidic sequence motifs near the N terminus of MDC1 (Chapman and Jackson, 2008; Hari et al., 2010; Melander et al., 2008; Spycher et al., 2008; Wu et al., 2008) . Another is RNF8, an E3 ubiquitin ligase with an FHA domain that binds to a cluster of conserved threonine residues in MDC1 that are phosphorylated by ATM in response to DSBs to promote chromatin ubiquitylation events required for recruitment of DNA damage response mediator proteins such as 53BP1 and BRCA1 (Huen et al., 2007; Kolas et al., 2007; Mailand et al., 2007) . Recruitment of these factors to chromatin-flanking DSB sites channels DNA repair into either the non-homologous end-joining pathway or homology-directed repair via mechanisms that are still not completely understood (Hustedt and Durocher, 2016) .
gH2AX and MDC1 form foci at DSBs throughout the cell cycle, but recruitment of downstream factors such as RNF8 and 53BP1 is blocked during mitosis (Giunta et al., 2010; Nakamura et al., 2010; Nelson et al., 2009; van Vugt et al., 2010; Lee et al., 2014; Orthwein et al., 2014) . However, given that inhibition of ATM and DNA-PK activity in mitosis causes radiosensitivity, it is possible that DNA damage signaling as well as recruitment of MDC1 and potentially some of its downstream factors, play an as-yet unidentified role in dealing with DNA damage in this cell-cycle phase.
Here, we identify two highly conserved motifs in MDC1 and show that they are phosphorylated by casein kinase 2 (CK2).
We identify the DNA damage response mediator protein TOPBP1 as the binding partner for these motifs and demonstrate that the MDC1-TOPBP1 interaction is specifically required for TOPBP1 recruitment to DSBs in mitosis. Loss of MDC1-TOPBP1 binding leads to radiosensitivity in mitotic cells, as well as increased micronuclei formation, chromosome/chromatid breaks, and chromosome end-to-end fusions.
RESULTS

A Conserved Acidic Sequence Motif near the N Terminus of MDC1 Binds to TOPBP1
Previously, we and others identified six conserved acidic sequence motifs near the N terminus of MDC1 that directly interact with NBS1 and are required for MRN foci formation at sites of DSBs (Chapman and Jackson, 2008; Melander et al., 2008; Spycher et al., 2008; Wu et al., 2008) . These motifs contain (A) Schematic showing the layout of conserved domains and motifs in MDC1. Names of the known MDC1 binding partners, NBS1, RNF8, and H2AX, are shown below the motifs with which they interact. The FHA domain promotes MDC1 dimerization; hence, its binding partner is MDC1. Key phosphorylated residues are highlighted in bold.
(B) Identification of TOPBP1 as a specific interactor for the MDC1-S196 phosphopeptide by LC-MS/MS and label-free quantification. Scatterplot depicts log 2 fold enrichment of MDC1-S196 versus MDC1-pS196 peptide-binding proteins from 2 independent experiments. See Table S1 for raw MS data.
(C) Peptide pull-downs from HeLa nuclear extracts using biotinylated peptides corresponding to residues surrounding MDC1-S196, either native (S196) or phosphorylated (pS196).
(D) HA immunoprecipitations from 293FT cells transfected with the indicated HA-tagged MDC1 variants.
Ser-Asp-Thr residues embedded in an acidic sequence environment; hence, they have been named SDT motifs (Figure 1A) . The serine and threonine residues within the SDT motifs are constitutively phosphorylated by CK2, and the unique bivalent N-terminal FHA/BRCT2 phospho-binding module of NBS1 specifically recognizes and binds to the doubly phosphorylated MDC1 SDT motifs (Hari et al., 2010; Lloyd et al., 2009) . As part of an ongoing screen to identify and characterize short evolutionarily conserved linear peptide motifs mediating protein-protein interactions in the DNA damage response, we noticed one such potentially novel sequence in MDC1. Centered around S196, it is located downstream of the FHA domain and just upstream of the first SDT repeat ( Figure 1A ). This motif is highly conserved in MDC1 orthologs and is composed of a Val/Ile-Pro-Glu-Ser consensus followed by a stretch of acidic amino acids in vertebrate MDC1. Given that S196 is phosphorylated in human cells (Yi et al., 2014) , we considered the possibility that the S196 motif constitutes a previously uncharacterized interaction surface for a DNA damage response factor with phosphopeptide-binding activity.
To test this possibility, we designed a synthetic biotinylated peptide corresponding to human MDC1 residues 180-205, bearing a phospho-serine at the S196 position. This phosphopeptide and its native equivalent were conjugated to streptavidin-coupled beads and incubated in HeLa nuclear extracts, and potential interacting partners were identified from two independent experiments by liquid chromatography-tandem mass spectrometry (LC-MS/MS; Table S1 ). When we examined proteins present only in the phospho-MDC1 peptide pull-downs, TOPBP1 was identified as the top hit ( Figure 1B) , which, given that it contains multiple BRCT domains that specifically recognize and bind phosphorylated proteins and was previously implicated in MDC1 binding Leung and Glover, 2011; Wang et al., 2011) , we decided to pursue further.
Western blotting confirmed that TOPBP1 was specifically pulled down by the phosphorylated S196 peptide ( Figure 1C) . NBS1, on the other hand, previously shown to interact efficiently with doubly phosphorylated SDT phosphopeptides (Chapman and Jackson, 2008; Lloyd et al., 2009; Spycher et al., 2008) , was not pulled down by either S196 peptide. These findings reveal a hitherto unnoticed TOPBP1 interaction site near the N terminus of MDC1 that is functionally distinct from the SDT repeats.
We next investigated whether S196 is required for MDC1-TOPBP1 interaction in the context of full-length MDC1. To do this, we mutated S196 to alanine in constructs expressing Figure S1 .
hemagglutinin (HA)-tagged wild-type (WT) MDC1 or a mutant MDC1 that cannot bind NBS1 due to alanine substitutions in all six SDT repeats (12A; Melander et al., 2008) . Immunoprecipitation with HA affinity beads showed that the MDC1-S196A mutation abolished TOPBP1 binding whereas interaction with NBS1 remained intact ( Figure 1D ). In contrast, the MDC1-12A mutant was completely defective for NBS1 binding but could still interact with TOPBP1, whereas the double MDC1-S196A+12A mutant could bind to neither. We conclude from these results that MDC1 binding to TOPBP1 and NBS1 can be functionally separated, and that MDC1-TOPBP1 binding is mediated by the novel MDC1-S196 motif and not by the SDT repeats.
BRCT Domains 1 and 2 of TOPBP1 Interact with MDC1 TOPBP1 contains 9 BRCT domains, some of which occur in tandem, whereas others appear to function as single domains (Figure 2A) . Of the BRCT domains in TOPBP1, only 1, 2, 5, and 7 contain the necessary lysine residues required for phosphopeptide binding (Leung and Glover, 2011) . In line with this, BRCT0-2 interact with phosphorylated RAD9 or Treslin (Delacroix et al., 2007; Kumagai et al., 2010; Lee et al., 2007) , BRCT4+5 bind to phosphorylated 53BP1 or BLM Cescutti et al., 2010) , and BRCT7+8 interact with phosphorylated FANCJ (Gong et al., 2010) .
Previously, we found that TOPBP1 interacts with MDC1 in a manner dependent on BRCT1 but not BRCT5 or BRCT7 . However, the requirement for BRCT2 was not tested. Therefore, we mutated K250 in BRCT2 to alanine in GFP-tagged full-length TOPBP1 and compared it in co-immunoprecipitation experiments to the BRCT1 mutant we generated previously. As a control in these assays, we also included a mutant BRCT5 construct, because this domain interacts with BLM but not MDC1 . As demonstrated previously, mutation of TOPBP1 BRCT1 abolished interaction with MDC1 and RAD9 but not BLM, whereas mutation of BRCT5 had no effect on MDC1 but BLM binding was lost (Figure 2B) . Surprisingly, mutation of BRCT2 also abolished MDC1 binding, while leaving BLM and RAD9 unaffected. This suggested the existence of an additional TOPBP1 binding site in MDC1. Indeed, a conserved motif consisting of a serine residue (S168 in human MDC1) embedded in an acidic sequence environment is located just upstream of S196 ( Figure 2C ). Like S196, S168 was previously shown to be phosphorylated (Beausoleil et al., 2004) . As this sequence motif strikingly resembles the TOPBP1-BRCT1 interaction site in RAD9 (Delacroix et al., 2007; Lee et al., 2007) (Figure S1A ), we tested whether it functions as an additional TOPBP1 binding site in MDC1. Indeed, MDC1-S168A mutants were completely defective for TOPBP1 interaction and no further decrease in binding was observed for a S168A/S196A double mutant ( Figure 2D ). This suggested that the two phospho-binding sites in BRCT1 and BRCT2 of TOPBP1 directly contact phosphorylated S168 and S196 in MDC1. However, it remained unclear which BRCT domain of TOPBP1 contacts which phospho-epitope in MDC1. To finemap the TOPBP1 interaction sites in MDC1, we assessed the binding affinity of S168 and S196 phosphopeptides for purified TOPBP1 BRCT0-2 by fluorescence polarization. This quantitative biophysical analysis revealed that purified TOPBP1 BRCT0-2 strongly binds to S168 and S196 phosphopeptides with an apparent dissociation constant (K d ) of less than 1 mM ( Figure 2E ). Interestingly, a K155E (BRCT1) mutant did not bind to the S168 phosphopeptide, indicating that BRCT1 mainly contacts the phosphorylated S168 motif. In contrast, both K155E and K250E (BRCT2) mutants were partially defective for binding to the phosphorylated S196 peptide, suggesting reduced specificity for TOPBP1 binding to this motif (Figure 2F) . In contrast, MDC1-SDT phosphopeptides did not bind with significant affinity to either purified BRCT0-2 or BRCT4+5 ( Figure S1B ). These data support a model in which TOPBP1 BRCT1 interacts with phosphorylated S168 of MDC1, whereas BRCT2 most likely docks with phosphorylated S196.
MDC1 Phosphorylation and TOPBP1 Binding Are
Mediated by CK2 Next, we wished to determine the kinase responsible for phosphorylation of MDC1 on S168 and S196. Both motifs are highly acidic and conform to the preferred Ser/Thr-x-x-Asp/Glu consensus sequence for CK2 (Meggio and Pinna, 2003) . Therefore, we generated antibodies that specifically recognize phosphorylated MDC1-pS168 or MDC1-pS196 ( Figure 3A ) and then used them to examine the effect on MDC1 phosphorylation of treating cells with the selective CK2 inhibitor CX-4945 (Siddiqui-Jain et al., 2010) . Results from this experiment indicated that S168 and S196 phosphorylation are CK2 dependent, because phosphorylation of both sites was abolished upon CX-4945 treatment ( Figure 3B ) but still occurred in cells treated with inhibitors of ATM, ATR, DNA-PK, or PLK1 ( Figures  S2A-S2D ). Furthermore, CX-4945 did not affect DNA damage signaling events mediated by these kinases ( Figure S2E ). In addition, the interaction between MDC1 and TOPBP1 was undetectable in cells treated with the CK2 inhibitor ( Figure 3C ). To confirm the CK2-dependent interaction in vitro, we established that recombinant CK2 could directly phosphorylate a GSTtagged MDC1 fragment purified from E. coli, specifically on S168 and S196 ( Figure 3D ). Next, GST-pull-down experiments were carried out with this fragment and its mutant derivatives. The WT MDC1 fragment (containing the S168 and S196 motifs as well as two SDT repeats) pulled down significant quantities of TOPBP1 and NBS1 from HeLa nuclear extract only when pre-incubated with recombinant CK2 and ATP. In line with our data above, incorporation of the S196A mutation into the GST-MDC1 fragment abolished interaction with TOPBP1 (Figure 3E) . Furthermore, mutation of the SDT repeats (SDT > ADA) abolished NBS1 but not TOPBP1 binding. Taken together, we conclude that CK2 phosphorylation of MDC1 on both S168 and S196 is required for direct binding to TOPBP1.
Direct Interaction with MDC1 Is Essential for TOPBP1 Recruitment to DSBs in Mitotic Cells
Next, we sought to investigate the biological role of the MDC1-TOPBP1 interaction. To this end, we knocked out endogenous MDC1 in the human osteosarcoma cell line U2OS using CRISPR-Cas9 (henceforth termed DMDC1; Figures 4A and 4B). DMDC1 cells do not display a general ATM or ATR signaling defect in response to ionizing radiation (IR) but are, as expected, unable to recruit NBS1 and 53BP1 to IR-induced foci (Figures 4B and 4C) . In addition, gH2AX foci intensity is reduced in DMDC1 cells ( Figure 4D ), consistent with previous reports (Lou et al., 2006; Stewart et al., 2003; Stucki et al., 2005) . We also found that western blot signals from our phospho-specific MDC1-pS168 and -pS196 antibodies were absent in DMDC1 cells, as expected ( Figure 4E ).
Using WT U2OS, DMDC1, and D53BP1 cells (Orthwein et al., 2015) , we found that the TOPBP1 foci pattern induced by IR varies during the cell cycle ( Figure 4F ), with large foci that colocalize with gH2AX forming in G1 phase cells, and smaller foci that colocalize with the single-stranded DNA (ssDNA)-binding protein complex RPA forming in S/G2 phase cells. Moreover, the large TOPBP1 foci in G1 phase cells, but not the small S/G2 phase foci, were dependent on both MDC1 and 53BP1 (Figures 4F and S3A; Cescutti et al., 2010) . Next, we addressed the question of whether MDC1 can recruit TOPBP1 in the absence of 53BP1 in G1 phase cells. While all IR-induced TOPBP1 foci were absent from MDC1-deficient G1 phase cells, TOPBP1 foci that colocalize with MDC1 could still be observed in D53BP1 cells, although they are much smaller than those observed in WT cells ( Figure 4G ).
To assess the contribution of the MDC1-TOPBP1 interaction to TOPBP1 foci formation, we stably transfected DMDC1 cells with GFP-tagged WT MDC1, three TOPBP1 interaction mutants (S168A, S196A, and a S168A/S196A double mutant), and the RNF8 interaction mutant TQXF > AQXF that cannot promote 53BP1 recruitment (Huen et al., 2007; Kolas et al., 2007; Mailand et al., 2007;  Figure S3B ). Visual inspection of these cells revealed IR-dependent accumulation of MDC1 and TOPBP1 in foci but did not show any apparent difference between cells expressing WT MDC1 and cells expressing the TOPBP1 binding mutants. In contrast, cells expressing the MDC1 TQXF > AQXF mutant were defective in forming TOPBP1 foci in G1 phase cells ( Figure 5A ). This indicated that TOPBP1 binding to MDC1 is not required for its efficient recruitment to sites of DSBs in interphase and suggested that TOPBP1 is predominately recruited by the RNF8-RNF168-53BP1 pathway. However, a more quantitative assessment of TOPBP1 foci formation by computer-aided segmentation and quantification of subcellular shapes (SQUASSH; Rizk et al., 2014) binding mutants ( Figures 5B, S3C , and S3D). These data suggest that while interaction with MDC1 mildly contributes to TOPBP1 accumulation in G1 phase cells, the RNF8-RNF168-53BP1 axis plays a much more dominant role. In addition, these data also suggest that despite its ability to form a stable complex with TOPBP1 in vitro, MDC1 is not able to substitute fully for 53BP1 as a TOPBP1 adaptor in G1 phase cells.
Next, because 53BP1 foci do not form during mitosis (Giunta et al., 2010; Nakamura et al., 2010; Nelson et al., 2009; van Vugt et al., 2010) , we explored TOPBP1 recruitment to DSB sites in mitotic cells. After IR, TOPBP1 readily accumulates in foci that colocalize with gH2AX and MDC1 on mitotic chromosomes, both in U2OS cells and in the non-transformed human retinal pigmented epithelial cell line RPE-1 ( Figures 5C and S3E) . Significantly, while TOPBP1 foci formation on mitotic chromosomes was still dependent on gH2AX and MDC1, it occurred independently of 53BP1 ( Figures  5D, 5E , and S3E). These observations suggested that, in contrast to G1 phase cells, MDC1 may recruit TOPBP1 to sites of DSBs directly in mitosis, through phosphorylation-dependent interactions with the S168 and S196 motifs. Indeed, foci containing the MDC1 mutant versions that are defective for TOPBP1 interaction were devoid of TOPBP1 on mitotic chromosomes, while expression of WT MDC1 in DMDC1 cells fully restored TOPBP1 foci (Figures 5F and 5G) . Consistent with our observation that TOPBP1 foci on mitotic chromosomes form independently of 53BP1, the TQXF > AQXF RNF8 binding mutant also rescued TOPBP1 foci in mitosis (Figures 5F and 5G) . Finally, in line with our interpretation that MDC1 recruits TOPBP1 by direct interaction predominantly in mitosis, mutation of BRCT1 or BRCT2, but not BRCT5 or BRCT7, in GFP-tagged full-length TOPBP1 led to defective foci formation in mitosis ( Figure S3F ). In summary, these data reveal an unexpected complexity in the TOPBP1 recruitment mechanism to sites of DSBs: MDC1 controls TOPBP1 foci both in G1 phase and in mitosis, but only in mitosis does it primarily mediate TOPBP1 recruitment through direct interaction, as in G1 phase cells MDC1 predominantly controls TOPBP1 accumulation indirectly via the RNF8-RNF168-53BP1 axis.
MDC1-TOPBP1 Interaction Is Required for Maintenance of Chromosomal Stability during Mitosis
Next, we addressed the physiological consequences for cells lacking MDC1-TOPBP1 binding. First, given its specific role in the recruitment of TOPBP1 to sites of DSBs in mitosis, we sought Figure S3 .
to test whether protecting cells from the killing effects of DSBs acquired during mitosis may be a major physiological role of the MDC1-TOPBP1 interaction. Therefore, we synchronized parental U2OS, DMDC1 cells, and DMDC1 cells stably expressing GFP-tagged WT MDC1 or TOPBP1 binding mutants in mitosis and treated them with IR. DMDC1 and MDC1-S168A/S196A-expressing mitotic cells, but not interphase cells, displayed marked radiosensitivity compared to WT MDC1-expressing cells ( Figures 6A and S4A ). To explore whether disruption of the MDC1-TOPBP1 interaction negatively affects DSB repair in the subsequent interphase after irradiation in mitosis, we synchronized parental U2OS, DMDC1 cells, and DMDC1 cells stably expressing WT MDC1 or TOPBP1 binding mutants in mitosis before irradiating them. As a marker for unrepaired DSBs, gH2AX foci were quantified 20 min, 6 h, and 24 h post-irradiation. There was a significant increase in residual gH2AX foci in cells expressing no MDC1 or the TOPBP1 binding mutants 24 h post-irradiation compared to cells expressing WT MDC1, indicating that in the absence of TOPBP1 recruitment in mitosis, a substantial number of DSBs are not repaired within this time period ( Figure 6B) . During mitosis, untethered DNA breaks lead to the formation of acentric chromatin fragments that fail to segregate because they cannot interact with the mitotic spindle. These acentric fragments are randomly segregated to the cytoplasm of one of the daughter cells and are converted into micronuclei after nuclear envelope reformation (Bizard and Hickson, 2018) . To test whether MDC1 and TOPBP1 act to prevent this, cells were first arrested in pro-metaphase and DSBs were induced by IR, followed by release from the mitotic block. Populations of parental U2OS and DMDC1 cells expressing WT MDC1 contained few cells with micronuclei 4 h after release ( Figure 6C ). In contrast, DMDC1 cells and DMDC1 cells expressing TOPBP1 binding mutants showed significantly elevated numbers of cells with micronuclei, with more than 10% of cells in the population being accompanied by one or several micronuclei. This suggests that MDC1-mediated TOPBP1 recruitment to broken mitotic chromosomes may serve to stabilize clastogen-induced DSBs during mitosis for repair in the subsequent interphase. Next, given that a small number of gH2AX foci can be detected in almost every metaphase even in the absence of exogenous sources of genotoxic stress (Lukas et al., 2011) , we addressed the consequences of loss of MDC1 and disruption of the MDC1-TOPBP1 interaction in unperturbed cells. DMDC1 cell populations showed a significantly increased fraction of cells with micronuclei as compared to parental U2OS cells (Figure 6D) . The majority of these micronuclei contained acentric chromatin fragments as they stained negative for the centromeric protein CENPA. Stable expression of WT MDC1, but not the TOPBP1-binding mutants, reduced the number of micronuclei to the level observed in parental U2OS cells, indicating that MDC1-TOPBP1 complex formation is important to stabilize spontaneous chromosome breaks during mitosis, possibly by bridging and tethering DNA ends ( Figure 6D ). The increase in spontaneous micronuclei formation upon disruption of the gH2AX-MDC1 cascade was even more pronounced in non-transformed RPE-1 cells, which generally feature much lower numbers of spontaneous micronuclei than cancer cells ( Figure S4B ). In line with this, we observed that a significantly increased number of chromosomes in metaphase spreads of DMDC1 cells and S196A-expressing cells displayed abnormal structures, including, but not limited to, chromatid breaks, chromosome breaks, and dicentric chromosomes ( Figures  7A, 7B , S5A, and S5B).
To obtain evidence for a DNA-end bridging role for MDC1 and TOPBP1, we performed Airyscan high-resolution confocal imaging of MDC1 and GFP-TOPBP1 foci in mitotic U2OS cells. Strikingly, using this technique, many IR-induced TOPBP1 structures in mitosis no longer resembled diffraction-limited spots but instead resembled filamentous assemblies (Figures 7C and  7D ). In contrast, most MDC1 foci did not appear to form such structures but instead resembled cloud-like diffraction-limited spots. We also observed in all irradiated cells incidences of a TOPBP1 filament bridging two MDC1 foci, either within (intra) or occasionally between (inter) chromosomes ( Figure 7C ). In contrast, we observed few TOPBP1 foci colocalizing with or bridging MDC1 foci in unirradiated mitotic cells ( Figure S6A ). Nonetheless, we did occasionally observe TOPBP1 filaments in mitotic cells in the absence of exogenous DNA damage, but these did not colocalize with condensed chromatin ( Figure S6A ) and may represent structures that give rise to ultra-fine DNA bridges in anaphase, as observed previously (Broderick et al., 2015; Pedersen et al., 2015) . TOPBP1 filaments were not observed in interphase cells, regardless of DNA damage.
In summary, our data show that the MDC1-TOPBP1 interaction is required for the maintenance of chromosomal stability and suggest that it does so by tethering broken chromosomes during mitosis.
DISCUSSION
The findings reported here reveal a previously unrecognized but highly conserved bi-partite protein interaction surface near the N terminus of MDC1 that is phosphorylated by CK2. An unbiased search for factors that interact with this region uncovered TOPBP1 as the primary phosphorylation-dependent interaction partner of this region of MDC1 and BRCT0-BRCT2 of TOPBP1 as the interacting domains.
Binding affinity of the phosphorylated S168 peptide to TOPBP1 BRCT0-BRCT2 is similar to the phosphorylated RAD9-S387 association with TOPBP1, with a K d ranging between $0.5 mM (MDC1; this study) and 2.0 mM (RAD9; Rappas et al., 2011) , which is in the same order of magnitude of typical affinities between BRCT tandem domains and their phosphorylated interaction partners (see e.g., Lloyd et al., 2009; Stucki et al., 2005; Sun et al., 2017) . A direct physical and phosphorylation-dependent association between the MDC1 SDT region and TOPBP1 BRCT4+5 was previously reported and implicated in the replication checkpoint (Wang et al., 2011) . However, in our hands and in another recent study (Choi and Yoo, 2016) , mutation of TOPBP1-BRCT5 had no effect on MDC1-TOPBP1 binding, and we could not detect any measurable association between the phosphorylated MDC1-SDT region and TOPBP1 in our in vitro binding assays and co-immunoprecipitation experiments. Based on these findings, we propose that the NBS1 and TOPBP1 binding sites on MDC1 are structurally and functionally distinct and that the weak association between the MDC1 SDT region and TOPBP1 BRCT4+5 previously reported (K d 94 ± 15 mM; Leung et al., 2013) , is not physiologically relevant (as recently suggested by the authors of the original studies; Sun et al., 2017) .
Our data demonstrate that the direct recruitment of TOPBP1 to DSBs via MDC1 is specifically important during mitosis. Inter- estingly, MDC1 phosphorylation on S168 and S196 did not detectably change in mitotic cells and was not induced by DNA damage ( Figure S6B ). These data are consistent with CK2 being constitutively active throughout the cell cycle. In line with this, the MDC1-TOPBP1 interaction also did not appear to change in response to these events ( Figure S6C ), and CK2 inhibition does not inhibit mitotic entry ( Figure S6D ). Thus, while MDC1-TOPBP1 complexes are present throughout the cell cycle, their physiologically relevant role seems to be confined to mitosis. Since MDC1 cannot substitute for 53BP1 in the accumulation of TOPBP1 in G1 foci, it is also unlikely that the mere exclusion of 53BP1 from mitotic chromatin could explain the switch in the TOPBP1 recruitment mechanism during mitosis. In this context, it is interesting to note that TOPBP1 also changes its foci pattern and recruitment mechanism at the G1/S transition. A possible mechanistic explanation for this switch in foci pattern came from recruitment studies carried out with fulllength TOPBP1 and isolated TOPBP1 BRCT modules (Cescutti et al., 2010) . Recruitment of TOPBP1 to foci in interphase cells consistently depends on two pairs of BRCT domains: G1 foci are dependent on BRCT0-2 and BRCT4+5 and colocalize with gH2AX, while S/G2 phase foci are dependent on BRCT0-2 and BRCT7+8 and colocalize with RPA-coated ssDNA. Here, we show that only one set of BRCT domains (BRCT0-2) is required for efficient accumulation of TOPBP1 on damaged mitotic chromosomes ( Figure S3F ). This suggests a switch in the recruitment mode of TOPBP1 in mitosis that may also be associated with a switch in its physiological function.
Thus, we propose that distinct modes of recruitment to sites of DSBs may have evolved to enable TOPBP1 to engage in diverse cellular response processes, depending on the cell-cycle stage. In G1, TOPBP1 has been implicated in G1/S checkpoint activation in response to irradiation via 53BP1 (Cescutti et al., 2010) . In S/G2, TOPBP1 functions in multiple processes, including checkpoint signaling (via ATR), DNA replication initiation (via Treslin), and regulation of homologous recombination (via BLM). Mitotic cells are distinct from interphase cells in their ability to progress through M phase without activating a DNA damage checkpoint response (Rieder and Cole, 1998) . Thus, it is unlikely that TOPBP1 fulfils the same roles at sites of mitotic DSBs as it does in G1 and in S/G2 phase. Furthermore, there is ample evidence that either DSBs are not repaired or that DSB repair pathways are extensively rewired in mitosis (reviewed in Heijink et al., 2013 ). Yet, DSBs do not go unnoticed in mitosis. ATM is activated, H2AX is efficiently phosphorylated, and MDC1 recognizes and is recruited to gH2AX-marked chromatin in mitosis. Therefore, it was suggested that gH2AX and MDC1 participate in a mechanism to mark and stabilize DSBs during mitosis for efficient repair in the subsequent cell cycle (Giunta and Jackson, 2011) . Based on the observations reported here, we propose that MDC1 performs this task predominantly by recruiting TOPBP1 to damaged chromosomes in mitosis, and we present direct evidence that these two proteins act together to form intraand inter-chromosomal bridging structures that may help to tether and stabilize broken chromosomes until they can be repaired in the following G1 phase. Consistent with this idea, we found that loss of MDC1 or disruption of the MDC1-TOPBP1 interaction leads to increased radiosensitivity specifically in mitotic cells and increased formation of micronuclei that contain mostly acentric chromatin fragments. This suggests that DSBs are not properly stabilized in the absence of MDC1 and TOPBP1 recruitment, and acentric fragments are not segregated into the daughter cells along with the chromosome from which they have broken off. Additionally, we observed that, upon disruption of the MDC1-TOPBP1 complex, a subset of DSBs remain unrepaired 24 h after DNA damage induction, suggesting that these persistent lesions would have benefited from marking and/or end-tethering during mitosis. A similar role was recently proposed for the MRN complex based on the observation that its NBS1 subunit forms small foci on mitotic chromosomes in response to IR (Giunta et al., 2010) . We reproduced these data and found that, similar to the situation in interphase cells, the mitotic NBS1 foci are also dependent on the SDT repeat region in MDC1 ( Figure S7A ). However, mutation of the SDT repeats did not render cells hypersensitive to IR in mitosis, nor did it negatively affect the stabilization of mitotic DSBs ( Figures 6B, 6D , and S7B). Therefore, we conclude that the MDC1-MRN interaction is not critically implicated in the maintenance of genome stability during mitosis.
More than three decades ago, an IR-dependent, female-specific mutator (mu2a) on chromosome 3 in Drosophila was described that specifically increases the recovery of terminal deficiencies (i.e., chromosomes that have lost a natural telomere; Mason et al., 1984) . MU2 was later shown to be the Drosophila ortholog of vertebrate MDC1 (Dronamraju and Mason, 2009 ). The prevalence of female-specific terminal deficiencies would be consistent with post-irradiation deposition of single-ended broken chromosomes into the zygote after the meiotic cell divisions, because acentric fragments would not move to the pole at anaphase in the absence of MU2 (MDC1) and would be lost. Based on this and on our own findings reported here, we propose that tethering of broken chromosomes during mitosis and meiosis may be an ancient and highly conserved function of MDC1. In this context, it is interesting to note that Mdb1, the S. pombe MDC1 ortholog, was recently shown to interact with the TOPBP1 ortholog Rad4 (Day et al., 2018) . Whether the Mdb1-Rad4 complex performs functions similar to the MDC1-TOPBP1 complex in mammals remains to be determined.
Finally, it has been reported that TOPBP1 is capable of oligomerizing to form higher-order protein assemblies, although previous work has implicated multiple TOPBP1 motifs in this process (Bang et al., 2013; Liu et al., 2006) . Nonetheless, an attractive hypothesis is that the TOPBP1 filamentous assemblies we observe bridging MDC1 foci represent large homo-oligomers containing many molecules of TOPBP1. Further work will be needed in the future to determine the mechanistic basis of higher-order TOPBP1 complex formation, what other proteins are present in such assemblies (if any), and what role they play in the response to mitotic DNA damage.
STAR+METHODS
Detailed methods are provided in the online version of this paper and include the following: 
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Pedersen, R.T., Kruse, T., Nilsson, J., Oestergaard, V.H., and Lisby, M. (2015) . TopBP1 is required at mitosis to reduce transmission of DNA damage to G1 daughter cells. J. Cell Biol. 210, [565] [566] [567] [568] [569] [570] [571] [572] [573] [574] [575] [576] [577] [578] [579] [580] [581] [582] (IPTG), and the cultures incubated for a further 16 h at 220 rpm at 16 C. Cells were then harvested by centrifugation, and the resulting pellet was stored at À80 C until required. The cell pellet arising from 6 l of culture was resuspended in 100 mL of 25 mM HEPES (pH 7.5), 1 M NaCl, 5% glycerol, 0.1% Tween-20, supplemented with protease inhibitors (Roche), then lysed on ice by sonication delivered by a Jencons Ultrasonic Processor (18 3 5 s bursts at 50% amplitude). Cell debris and precipitated material were removed by high-speed centrifugation at 48,834 x g for 60 min. For GST-tagged BRCT0-2, the supernatant was applied to a 5 mL HiTrap GST column (GE Healthcare), then washed with buffer containing 50 mM HEPES pH 7.5, 1 M NaCl, 250 mM TCEP. Retained protein was eluted by application of the lysis buffer supplemented with 20 mM glutathione. For His-SUMO-tagged BRCT4+5, the supernatant was applied to a 5 mL HiTrap TALON crude column (GE Healthcare), washed first with buffer containing 50 mM HEPES pH 7.5, 1 M NaCl, 250 mM TCEP, and then again with buffer containing 50 mM HEPES pH 7.5, 200 mM NaCl, 250 mM TCEP and 10 mM imidazole. Retained protein was eluted by application of the same buffer supplemented with 250 mM imidazole. Rhinovirus 3C PreScission protease (GE Healthcare) was added to the eluate and incubated overnight at 4 C to cleave the affinity tag. Both eluted TOPBP1 proteins were concentrated to a final volume of 5 mL (Vivaspin 20, 10 kDa MWCO, Sartorius Stedim Biotech) then applied to a HiLoad Superdex 200 16/60 size exclusion chromatography column (GE Healthcare) pre-equilibrated in 25 mM HEPES pH 7.5, 200 mM NaCl, 1 mM EDTA, 250 mM TCEP, 0.02% Tween-20. Flu-labeled peptides at a concentration of 100 nM were incubated at room temperature with increasing concentrations of TOPBP1 BRCT0-2 or BRCT4+5 in 25 mM HEPES (pH 7.5), 200 mM NaCl, 1 mM EDTA, 0.5 mM TCEP, 0.02% Tween-20. Fluorescence polarization was measured using a CLARIOstar multimode microplate reader (BMG Labtech). Data were analyzed using GraphPad Prism by non-linear fitting with a one-site total binding model. Any nonspecific binding component was subtracted from the data for presentation purposes only. All data represent the mean of four separate experiments, and error bars represent one standard deviation.
In vitro kinase assays and GST-pull-downs GST fusion proteins were expressed in the competent Escherichia coli expression strain BL21(DE3)pLysS (Promega) followed by protein purification with glutathione-Sepharose beads. GST fusion proteins were mock treated or treated with 120 U recombinant CK2 (New England Biolabs) with 10 mM ATP in NEB PK buffer (New England Biolabs) and incubated at 30 C for 45 min. For GST-pull-downs, 5 mg of the GST-MDC1 fusion proteins were then mixed with 250 mg HeLa nuclear extract and incubated for 1 h at 4 C. Glutathione-Sepharose beads (GE Healthcare) were added and the suspension was incubated at 4 C for 2 h on a rotating wheel. The beads were washed three times with wash buffer (50 mM Tris, pH 7.5, 120 mM NaCl, 1 mM DTT, and 0.3% NP-40) and bound proteins were eluted by addition of 2X SDS sample buffer.
Generation of CRISPR/Cas9 MDC1 knock-out cell lines The U2OS DMDC1 cell line was generated as follows, according to a protocol published previously . Sources and sequences of the reagents used are provided in the key resource table. The sgRNA target sequence was cloned into the pX330-U6-Chimeric_BB-CBh-hSpCas9 vector (a gift from Feng Zhang; Addgene plasmid #42230; http://n2t.net/addgene/42230; RRID:Addgene 42230) and verified by sequencing. Transfection of U2OS cells was done by electroporation of 10 6 cells with 5 mg of plasmid DNA on a NEON transfection system (Invitrogen), using the following electroporation parameters: pulse voltage 1230 V; pulse width 10 ms; pulse number 4. Clonal cell lines were isolated by dilution in 96-well plates. Total extract of single clones was prepared and analyzed by western blotting, using rabbit polyclonal anti-MDC1 antibody (Abcam). Total deletion of the MDC1 gene was verified in one of the clonal cell lines by Sanger sequencing of a PCR-amplified genomic fragment that was cloned in the pCR II Blunt TOPO plasmid (sequences available upon request).
Generation of stably transfected DMDC1 cell lines
For generation of the GFP-MDC1 expressing stable cell lines, U2OS DMDC1 cells were transfected with the indicated plasmids using Lipofectamine 2000, following the standard protocol provided by the supplier. The media was changed 10 h post-transfection. Two days post-transfection, cell colonies were grown in the presence of 400 mg/mL Geneticin G418 for 10 days with a media change every 3 days. Single colonies were picked using cloning rings and expanded. Clones were analyzed for GFP-MDC1 expression by western blotting and immunofluorescence, respectively. To improve homogeneous GFP-MDC1 expression, positive clones were sorted using a BD FACSAria III 4L cell sorter.
Immunofluorescence Cells were grown on glass coverslips and fixed with either ice-cold methanol for 10 min (for staining with TOPBP1 antibody), or with 4% buffered formaldehyde (for staining with all other antibodies) for 15 min at room temperature, and subsequently permeabilized for 5 min in PBS containing 0.2% Triton X-100. Following 1 h of blocking in blocking buffer (10% FBS, 3% BSA in PBS), primary antibody incubations were performed at room temperature for 2 h. Coverslips were washed three times with PBS and secondary antibody incubations were performed for 1 h at room temperature in the dark. After washing with PBS three times, coverslips were mounted on glass microscopy slides with VECTASHIELD mounting medium containing 0.5 mg/mL 4',6-diamidino-2-phenylindole dihydrochloride (DAPI). The following antibodies were used at the indicated dilutions: 53BP1 (sc-22760, Santa Cruz, 1/500), CENPA (ab13939, Abcam, 1/200), Cyclin A (611269, BD Biosciences, 1/100), gH2AX (05-636, Millipore, 1/500), MDC1 (ab50003, Abcam, 1/300), NBS1 (NB100-143, Novus, 1/200), RPA2 (ab2175, Abcam, 1:250), TOPBP1 (A300-111A, Bethyl, 1/500).
Widefield microscopy
Widefield image acquisition was done on a ZEISS AxioObserver Z1 widefield microscope, equipped with a Lumencor SpectraX illumination system and a Hamamatsu Orca Flash 4.0 V2, sCMOS, cooled fluorescence camera (16-bit, 2048 3 2048 pixel (4 MP), pixel size 6.5 mm). A 63x, 1.4-NA, i-plan apochromat oil-immersion objective was used. For three-emission wavelength detection we combined DAPI with EGFP or Alexa Fluor 488 and Alexa Fluor 568. For optimal representation in figures, images were adjusted for brightness and exported as RGB TIF files using Fiji (Schindelin et al., 2012) . Images in Figure S2G were deconvoluted with Huygens software (Scientific Volume Imaging) using a computed theoretical PSF based on known microscopic parameters.
Confocal microscopy
Confocal images were acquired with a Leica SP8 inverse confocal laser scanning microscope with a 63x, 1.4-NA Plan-Apochromat oil-immersion objective. For four-emission wavelength detection we combined DAPI with EGFP, Alexa Fluor 568 and Alexa Fluor 647. For three-emission wavelength detection we combined DAPI with EGFP and Alexa Fluor 568. The sequential scanning mode was used and the number of overexposed pixels was kept at a minimum. At least 10 single cells were recorded per condition with 10-15 z sections and a resolution of 512 3 512 pixels (voxel size 100 3 100 3 298 nm), 8-bit depth. For optimal representation in figures, maximum intensity projections were calculated and images were adjusted for brightness and exported as RGB TIF files using Fiji. For quantitative assessment of protein colocalization, the SQUASSH plugin (part of the MosaicSuite) for ImageJ and Fiji was used (Rizk et al., 2014) . SQUASSH combines the image-segmentation task with biological reality through prior knowledge about the imaged objects (in this case DNA damage foci), the image-formation process and the noise present in the image. Maximum intensity projections of two channel confocal micrographs of single cells (EGFP and Alexa Fluor 568) were used for the SQUASSH analysis. Segmentation parameters were as follows: regularization ch1: 0.05, regularization ch2: 0.05, minimum object intensity ch1: 0.55, minimum object intensity ch2: 0.55, include subpixel segmentation: yes, exclude z edge: yes. Noise model: Poisson, standard deviation xy: 0.8 pixels, standard deviation z: 0.8 pixels. A script for the free open-source statistical software R is automatically generated by the SQUASSH plugin, which calculates object number colocalization (number of objects that overlap R 50% divided by total number of objects) and object size colocalization (area of object colocalization divided by total object area). Due to slight heterogeneity of the GFP signal in the stably transfected cells we excluded signal co-localization from the analysis.
Quantification of gH2AX foci
For quantification of gH2AX foci in Figure 5B , cells were grown on coverslips, synchronized using RO-3306 and released for 40 min to allow cells to enter mitosis. Mitotic cells were irradiated at 0.5 Gy and subsequently released in fresh medium and left to grow for 24 h in the cell culture incubator. Cells were then fixed and stained with mouse monoclonal anti-gH2AX antibody as described above. Quantification was done manually. For quantification of gH2AX foci in Figure S3D , unsynchronized cells were irradiated with 3 Gy, followed by incubation at 37 C for 1 h. Cells were then fixed and stained with mouse monoclonal anti-gH2AX antibody as described above. Image acquisition was done using widefield microscopy. Quantification was done using CellProfiler (Carpenter et al., 2006) and R (CellProfiler analysis pipeline and R script available upon request).
Quantification of micronuclei
For quantification of micronuclei formation after irradiation of mitotic cells, cells where either untreated or irradiated with 0.5 Gy in prometaphase after a nocodazole arrest and subsequently released from the cell cycle arrest by washing twice with PBS and adding fresh medium for 4 h to allow cells to enter G1 phase. Cell were then fixed and stained with DAPI as described above. For quantification of spontaneous micronuclei formation, asynchronous and untreated cell populations were grown on coverslips, fixed and stained with DAPI as described above. Images were captured by widefield microscopy. Micronuclei were counted manually and nuclei were counted using the CellProfiler software. To assess the presence of centromeres in the micronuclei, fixed cells were stained with CENPA antibodies (see above). To probe for the presence of telomeric repeats in the micronuclei, fluorescence in situ hybridization (FISH) was done using Telomere PNA FISH Kit/Cy3 (Agilent Technologies) according to the protocol provided by the supplier.
Clonogenic survival assay
For clonogenic survival assay of interphase cells, 5 3 10 5 cells were counted and plated, followed by irradiation with the indicated doses and replating in 6-well plates. For mitotic cells, 2.5 3 10 6 cells were counted, plated and arrested in prometaphase using 100 ng/mL nocodazole for 16 h, followed by irradiation with the indicated doses. Following a mitotic shake off, cells were counted and re-plated in 6-well plates. For both interphase and mitotic assays, cells were grown with medium change every 3 days for 12 days. Plates were washed twice with PBS and incubated for 1 h in methylene blue fixation/staining solution (80% EtOH, 1% methylene blue powder) at room temperature. After rigorous washing with warm tap water, plates where left to dry overnight and colonies were counted manually using an eCountTM colony counter pen.
Metaphase analysis
Cells were grown to 90% confluency on a 10-cm plate and were treated with 0.1 mg/mL KaryoMax Colcemid (Thermo Fisher Scientific) for 2 h. Cells were trypsinized and transferred to a 15 mL Falcon tube, centrifuged at 1000 rpm for 5 min and carefully
